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ABSTRACT: Inkjet printing is a powerful additive manufacturing (AM) technique to generate advanced and complex geometries.
However, requirements of low viscosity and surface tension are limiting the range of functional inks available, thus hindering the
development of novel applications and devices. Here, we report a method to synthesise materials derived from highly viscous or
even solid monomers in a simple, flexible fashion and with the potential to be integrated in the printing process. Polymerizable
ionic liquids (PILs) have been employed as a proof of principle due to the broad range of properties available upon fine tuning of
the anion/cation pair and the high viscosity of the monomers. The method consists of the deposition and polymerization of a PIL
precursor, followed sequentially by quaternization and anion metathesis of the films. The fine control over the mechanical and su-
perficial properties of inkjet printable polymeric films of neutral and cationic nature by post-polymerization reactions is demon-
strated for the first time. A family of different polycationic materials has been generated by modification of cross-linked copoly-
mers of butyl acrylate and vinyl imidazole with liquid solutions of functional reagents. The variation in the mechanical, thermal and
surface properties of the films demonstrates the success of this approach. The same concept has been applied to a modified formula-
tion, designed for optimal inkjet printing. This work will pave the way for a broad range of applications of inkjet printing, with a
plethora of anion-cation combinations characteristic of PILs, thus enormously broadening the range of applications available in
additive manufacturing.
Introduction
Inkjet printing has gained a great deal of attention in the recent
years as an Additive Manufacturing (AM) technique,1 with a
range of applications developed in tissue engineering,2 flexible
electronics,3-4 supercapacitors,5 sensors,6 solar cells7 and many
others. In addition, it has been estimated by Visser et al. that the
intensities of energy usage and CO2 emissions from manufac-
turing are reducible by 5% through the use of 3D printing (ad-
ditive manufacturing) by 2025, and if 3D printing was utilised
more widely, it has the potential to fully decouple energy usage
and CO2 emission from manufacturing activities.8
Nevertheless, the technique requires low viscosity (typically
10-20 mPa s) and surface tension in the order of 28-42 mNm-1
in order to satisfactorily generate the droplets to be printed.1
These features strongly limit the nature and type of inks that can
be employed, hence limiting the number of active materials that
can be printed. In this way, the preparation of viable formula-
tions is arduous and inefficient.
Polyionic polymers with analogous units to ionic liquids9 con-
stitute a very interesting class of materials due to the inherent
modularity of their properties by the choice of cation and anion,
which in synergy with the physical properties of the polymer
have a profound effect on the macroscopic properties ob-
served.10-12 The large amount of potential anion-cation combi-
nations leads to a virtually unlimited library of ionic materials
with potential applications in a broad range of fields, including
as polyelectrolytes for dye sensitized solar cells,13 membranes
for fuel cells,14 super capacitors,15 support for catalysts16 and
antimicrobials.17 Furthermore, their highly tuneable intermolec-
ular forces make them ideal materials to stabilize nanoparti-
cles18 and other advanced materials, like carbon nanotubes19 or
graphene20 and graphene oxide.21 The properties of polycations
are radically affected by the choice of counterion.22 In addition
to solubility, also other properties such as thermal decomposi-
tion temperature and glass transition temperature (Tg) can be
tuned with anion exchange.23 It has been demonstrated that
some properties of bulk ionic liquids are effectively transferred
to the polymeric supported phases.24 Generally, they are syn-
thesised from monomers containing ionic liquid units by differ-
ent polymerization techniques. These monomers are generally
too viscous to be processed by inkjet printing. An example of
3D printing PILs employing micro-stereolithography has been
reported.25 However, this technique requires relatively viscous
formulations to be successfully printed, which is incompatible
with inkjet printing. Herein, we propose a method to generate
2PIL containing films based on low viscosity inks that can be
incorporated into inkjet printers. The deposition of a PIL pre-
cursor, followed by the quaternization and anion metathesis
represents a novel way to generate virtually any PIL desired and
will be highly useful in additive manufacturing (Figure 1). Pol-
ymeric films have been photopolymerized and employed as
models of the inkjet printed layers. A family of imidazolium
based PIL films has been synthesised and characterised.
Figure 1. Schematic representation of the method proposed to inkjet print polyionic films (PILs). The aim is to overcome the high
viscosity of the monomers, enabling an integrated route to modify the properties of the printed layers.
A strong variation of the mechanical and hydrophilic/hydropho-
bic properties has been demonstrated. The methodology allows
the manufacture of very different materials from the same orig-
inal composition. The properties of the product can be then
tuned by the choice of anion after the final shape has been
achieved. The method removes the need of optimizing the con-
ditions for each type of material independently. The possibility
of modifying inkjet 3D printed films has been demonstrated. To
the best of our knowledge, this is the first study of the properties
of UV photopolymerized films modified by protonation/quater-
nization and anion metathesis, which is especially relevant
within the context of additive manufacturing.
Results and discussion
Base line formulation
Films made of 1-vinylimidazole (ViIm) and butyl acrylate
(BuA) were made with UV-polymerization using 2-hydroxy-2-
methylpropiophenone (HMP) as the initiator (Figure 1A). The
films were crosslinked with divinyl benzene (DVB). The ra-
tionale of choosing ViIm is that it has a nitrogen atom at positon
3 of the imidazole ring that can be easily derivatised. The glass
transition temperature (Tg) of poly(vinyl imidazole) (PViIm)
has been reported to be in range of 167-171 °C.26 In order to
make the films more flexible, butyl acrylate was used as a co-
monomer; Tg of poly(butyl acrylate) is -43 °C.27 The synthesis
of the films, schematically shown in Figure 1A, was made by
polymerization of the films onto Teflon covered petri dishes
and photopolymerized under a UV-light (36 W and = 395
nm).
Two series of films were synthesized: one with 2 mol% of DVB
in the feed (film 2-x series) and another one with 5 mol% of
DVB (film 5-x series) for comparison. The butyl acrylate con-
tent was varied between 0 and 50 mol% within both series. The
films have been named as “film a-x”, where “a” is the DVB
content in feed (either “2” for 2 mol% DVB or “5” for 5 mol%
DVB) and “x” is the butyl acrylate content in the feed. As an
example, films of 2-50 were made using 2 mol% of DVB and
50 mol% of BuA. Only monomers are considered for the per-
centages. All the films were made using 2 mol% of the photoin-
itiator HMP compared to the total amount of all monomers and
with polymerization time of 2 h exposed to UV-light (36 W and
365 nm). The exact amounts of all components used to make
the films are given in Table S1 in the supporting information
(SI). The purity of the films was verified from IR spectra. The
strong bands corresponding to the double bonds at 1620-1650
cm-1 and at 950-990 cm-1 in the IR spectra of the monomers
(Figure S1) could not be observed in the films (Figures S2 and
S3), which indicates that the films are mostly free of monomers.
The films became more flexible with increasing butyl acrylate
content. This is especially marked in the film 2-x series as the
initially hard and brittle films became soft and elastic as the bu-
tyl acrylate content was increased from 0 to 50 % (Figure 2A).
The strain at break increased from 0.42 % to 100 % (Figure
2D). Analogous results were obtained with the film 5-x series
(Figure S4), the only difference being that the higher degree of
crosslinking resulted in generally lower strains at break, but
stiffer films. Also in this case the increasing butyl acrylate con-
tent yielded markedly more flexible films. Highly brittle Film
5-0 was crushed by the clamping of the DMA, but film 5-50
with 50 mol% of butyl acrylate in the feed could be strained
25 % before the film broke. Figure 2D summarizes the strain
at break and stress at break for 2-x films. The measurement tem-
perature was 25 °C. The higher butyl acrylate contents yielded
more flexible films that required less stress to break. However,
as the content of butyl acrylate decreases below 30 mol%, the
films became brittle as both strain at break and stress at break
started to decrease (Figure 2D).28 This increase in brittleness is
due the glass transition (Tg) temperature - seen as a peak in in
the loss tangent (tan δ) - being well above 25 °C when the butyl 
acrylate content is 20 mol% or less (Figure 2C) and thus the
3films become glassy and brittle. The storage (E’) and loss mod-
uli (E’’) as a function of temperature that were used to calculate
the values of tan δ in Figure 2 are shown in Figure S5. A sim-
ilar trend was observed when the amount of cross-linker (DVB)
was increased to 5 mol% (see Figures S6 and S7).
Figure 2 (A) Scheme of the monomers and initiator employed for the film formation and schematic representation of the methodol-
ogy employed to polymerize the films. Mechanical properties from 2-50 (■), 2-40 (●), 2-30 (▲), 2-20 (▼), 2-10 (♦), and 2-0 (◄) 
films represented by (B) stress-strain curves, including a close up image from the low strain area and (C) the tan as a function of
temperature. Only 1 point in 100 is shown for clarity. (D) Stress and strain at break as a function of the molar fraction of butyl
acrylate.
There is a transition seen as a shoulder in tan δ between 25-
60 °C in most tan δ measurements (Figure 2C). A secondary
transition has been reported in literature for polymers contain-
ing quaternized imidazolium rings.29-30 The transition was
found to arise from ionic interactions and local motions. This
particular case is slightly different since the imidazole rings are
in their neutral state, so it is not certain if the phenomena are
related. This effect could be ascribed to pi-pi interactions of the
imidazole rings.31 As the transition can be seen also in film 2-0,
it can be rationalized to arise from interactions between the im-
idazolium rings for ViIm or the phenyl rings from DVB and not
from e.g. phase separation of a BuA rich phase in the film. The
exact nature of the shoulder would be a subject of a study of its
own and therefore outside the scope of this article.
The thermal stability of the films decreased with increasing
BuA content (Figures S8 and Figures S9). The mechanical
properties of the films are summarized in Table S2. Young’s
modulus (E) was defined as a slope of a linear fit to the linear
part of the stress-strain curves, see Figure S10 for an example.
Post-polymerization tuning of film properties
Three most flexible films i.e. films 2-30, 2-40, and 2-50, were
chosen to be studied for the post polymerization modification
utilizing the nitrogen at position 3 of the imidazolium ring. The
films were first modified in a non-covalent manner by first pro-
tonating the film with HCl (film 2-x HCl) and then exchanging
the anion with bis(trifluoromethane)sulfonimide (NTf2) (film 2-
x HNTf2). Also, protonation with dodecanoic acid (film 2-x
HDA) was investigated. In addition to protonation, films were
also covalently modified by quaternization with 1-bromobutane
(film 2-x C4Br), which yields ionic films that have a more per-
manent charge. These films were also anion exchanged with
LiNTf2 (film 2-x C4NTf2). The modification of the films is il-
lustrated in Scheme 1. In this way, five more films could be
synthesized from each parent film.
The different methods of derivatization shown in Scheme 1
have been selected as a proof of concept to demonstrate the dra-
matic effect on the mechanical, thermal and superficial proper-
ties of the resulting polymeric films. The glass transition tem-
perature (Tg) of polymeric films is heavily influenced by intro-
ducing charged groups.32-33 Indeed, an increase of 114 °C for
protonation (film 2-40 HCl) and 89.3 °C for quaternization
(film 2-40 C4Br) were observed (Figure 3). The metathesis of
the anion led to a Tg decrease of 116.6 °C (film 2-40 NTf2) and
112.6 °C (film 2-40 C4NTf2). The aim of using dodecanoic acid
was to lower the Tg in one non-covalent step. It has been shown
4that a long chain aliphatic carboxylate anion can be used to
yield rubbery polyelectrolytes.34
The changes in glass transition temperatures are reflected also
in the stress-strain curves of the modified films (Figure 3B). A
representative set of mechanical and thermal properties is
shown in Table 1. The rest of the series studied followed simi-
lar trends. The C4NTF2 films, had the lowest glass transition
temperatures (Figure 3A) and required also least force to strain
i.e. had the lowest Young’s modulus of the series. They also
had the highest strains at break within each series. Their halide
counterparts, the C4Br films, were the most brittle films, which
reflects the enormous effect of the counter-ion to the thermo-
mechanical properties of polyelectrolytes. The protonation of
the film with HCl showed a similar effect. Although the HCl
films were much more flexible than the C4Br films, they were
still very brittle. The ion exchange with NTf2 did make the films
again much more flexible, but to a lesser extent than was the
case with the C4Br series. Curiously, the HNTf2 films were
stiffer than the original films in the cases of film 2-40 HNTf2
(Figure 3B) and film 2-50 HNTf2 (Figure S11B), whereas in
the case of film 2-30 HNTf2 (Figure S11A) the Young’s mod-
ulus was somewhat lower. This reflects similar trends than were
observed with the glass transition temperatures as film 2-30
HNTf2 was the only one with a significantly lower value of Tg
than the original film. The strains at break stay significantly be-
low the ones for the original films in all three cases.
Table 1. Mechanical and thermal properties of functional-
ised films
Film Tg (C) Strain
at
break
/ %
Stress at
break /
MPa
Tonset /
C
Tonset /
Ca)
2-40 49.3 90.2 23.1 242 0
2-40
HCl
163.6 2.7 28.8
201 -41
2-40
NTf2
46.9 5.2 27.8
301 59
2-40
HDA
33.4 45.4 24.5
235 -7
2-40
C4Br
138.6 0.6 6.6
214 -28
2-40
NTf2
26.0 94.9 9.8
284 42
a) Calculated as the difference between Tonset of the film minus that
of the original film 2-40
Both the quaternized and protonated films display clearly the
effect of the large NTf2 anion with a delocalized charge com-
pared to a halide anion on both mechanical properties equally
in variable temperature measurements (Figures S12-S14) and
at room temperature (Figure 3A). These results also prove the
high versatility of the approach chosen for the films.
Perhaps surprisingly, addition of dodecanoic acid made the
films tough (HDA series in Figure 3B) i.e. the films had both
high Young’s moduli and high strain at break, which are ideal
mechanical properties for photopolymerized materials.35
The derivatization of the films produce a strong effect on the
thermal decomposition behavior of the different films. The im-
mediate effect of both the protonation and quaternization of the
film is that the thermal stability decreases, but the ion exchange
with NTf2 makes both the protonated and quaternaised film
more thermally stable than the original one. The derivatives of
film 2-30 and 2-40 are identical to derivatives of film 2-50 in
terms of thermal stabilities (Figure S18-S19). This is consistent
with literature reports in different types of polyionic materi-
als.24, 33
The decrease of thermal stability of a polybase after protonation
with a hydrogen halide has been reported by other investigators
as well,24, 33 thus indicating the viability of this strategy to gen-
erate functionalised films with tuneable properties. Further-
more, the thermal stabilities of the model compounds (Figure
S23) follow similar trends than do the films with one exception:
the thermal stability of PViIm HDA is markedly lower than that
of HDA derivatives of any of the films. This may be a conse-
quence of incomplete derivatization as discussed above or it
could arise from differences between soluble polymers and
crosslinked films.
Scheme 1. Derivatization of the films. Illustrated for one
imidazole ring in the films.
5Figure 3 A) Experimental glass transition temperature, Tg, of
the film 2-40 and the post-modified series. The glass transition
temperature is defined as the temperature corresponding to a
maximum of tan δ. B) Stress-strain curves for the modified 
films for the 2-40 series. Only 1 point in 100 shown for clarity.
A higher content of ViIm in the film yields a wider range of
glass transition temperatures (Figure 4 and S20). This indicates
that the changes arise from the modification of these particular
groups. Derivatives film 2-30 have the widest range glass tran-
sition temperatures ranging from 32 °C of film 2-30 C4NTf2 to
176 °C of film 2-30 HCl. Although it was unclear from both IR
(Figure S21) and TGA (Figures S18-S19) whether or not do-
decanoic acid is incorporated to the films or not, the lowering
of Tg in all cases below the value of the original film strongly
suggests that dodecanoic acid has been incorporated at least to
some extent. Thus, it allows a convenient way to lower the Tg
of films of this type in one simple step.
Figure 4. Effect of butyl acrylate on the Tg as a function of the
imidazole group functionalisation.
A series of model compounds were synthesized from poly(vinyl
imidazole) (PViIm ) by similar protonation and ion exchange
strategy to generate analogous species to the different films.
This was done to validate the analytical observations for the dif-
ferent films by comparison to polymers with well-defined com-
position. The homopolymers were characterised by NMR, IR,
DSC and TGA. The results indicate that all the transformations
were successful, which is a good benchmark for the supported
films.
The model compounds display clear differences in their NMR
(Figure S24-S29) and IR spectra compared to PViIm (Figure
S30). It is worth mentioning that attempts to purify PViIm HDA
by precipitation resulted in the loss of most of the dodecanoic
acid, as did drying it at elevated temperatures. This is because
the conjugate acid of vinyl imidazole has pKa of around 6.0 and
thus unable to form stable salts. The significant decrease in ther-
mal stability caused by introduction of HDA indicates more
complex interactions beyond simple plasticization. Although
the degree of protonation in the model compound in Figure S25
cannot be directly observed from the NMR-spectrum, the clear
downfield shift of peak “a” indicates significant degree of pro-
tonation. This is supported by the change in thermal stability
observed in Figure 23, which is in line with the literature.32
The superficial properties of a material in terms of hydrophilic-
ity/hydrophobicity are controlled by the physico-chemical
properties of the materials. Hence, a significant variation in be-
haviour with the functionalisation of the films would be ex-
pected. Indeed, Figure 5 shows the contact angle of deionised
water in contact with the different films from the series 2-30.
The initial film, containing neutral imidazolium shows a contact
angle of 83.7° (Figure 5A). The quaternization (Figure 5B) and
protonation of the films led to highly hydrophilic surfaces. In
the case of protonation (Figure 5E), the surface became so hy-
drophilic that the droplet just spread, thus being unable to meas-
ure a contact angle (θ < 5 °). The quaternized film (Figure 5B)
showed a very interesting phenomenon, where the presumably
hydration of the film results in the differential expansion of the
upper layers of the film, resulting in the bending of the films
(see SI for a demonstrative video). The protonation with HDA
and the anion metathesis of protonated and quaternized films
with NTf2 (Figure 5C) resulted in an increase of the hydropho-
bicity. This is in line with the formation of contact ion pairs
imidazolium cation-anions observed for the monomeric ana-
logues for which the increase in the contact on pair strength re-
duce the ionic character of the material.36
Inkjet 3D printing and functionalisation of PILs
Finally, the possibility of functionalising 3D printed films to
produce tuneable PIL-type materials was demonstrated. To
achieve this a DIMATIX DMP-2830 was employed (Figure 6).
A drop on demand (DOD) system employing piezoelectric ac-
tuators was employed to jet droplets of the formulations on an
untreated glass slide. A UV LED (365 nm, 600 mW/cm2) on the
side of the ink cartridge was employed to photopolymerize the
droplets during printing. Initially, a formulation similar to the
one developed for the film experiments was employed (see SI
for details). The mixture was able to be pushed through the noz-
zle and deposited on the glass surface (see SI, Video S2).
The attempts to print the original formulations formulation
were unsuccessful due to the appearance of surface defects after
the deposition of ca. 10 layers (Figure S33). This was attributed
to the slow rate of polymerization inherent to 1-vinylimidazole,
which prevented the solidification of the layers, thus leading to
macroscopic defects after deposition of few layers of material.
Another potential explanation is the insolubility of poly(vinyl
imidazole) in its own monomer, which could create phase sep-
arations, leading to macroscopic defects.
Therefore, a modified formulation was developed to increase
polymerization kinetics, thus allowing to print smooth layers
(Scheme S1). The PIL precursor selected was 1-(4-vinylben-
zyl)-1H-imidazole (ViBzIm), divinyl benzene (DVB) was em-
ployed as cross-linker and diphenyl(2,4,6-trimethylben-
Figure 5. Effect of surface modification by quaternization and
anion metathesis on the contact angle of water with the surface
of the films: A) 2-30, B) 2-30 C4Br, C) 2-30, C4NTf2 D) 2-30
HDA, E) 2-30 HCl, F) 2-30 HNTf2.
6zoyl)phosphine oxide (DPPO) as photoinitiator. The formula-
tion also contained butyl acrylate (BuA), ethyl 4-(dimethyla-
mino)benzoate (EDB) and an organic dye, 2,4-diethyl-9H-thi-
oxanthen-9-one (DTX). The viscosity of the solution was ~7-8
mPa s. An addition of 6 wt% of PVP (Mw = 10000 Da) raised it
to ~12-13 mPa s, within the optimal range for printing – PVP is
commonly used to tailor the viscosity of inks.37 This new for-
mulation created very smooth and uniform printed layers in a
controlled and reproducible fashion (Figure 6B).
Figure 6. A) Inkjet printer employed in this work: aDimatix DMP-2830 from Fujifilm. Left: Detail of the ink cartridge support
platform and the UV light associated. Centre: Picture of the inkjet printer and Right: Glass slide employed as base material for
film printing. B) Optical images corresponding to the deposition and photopolymerization of different layers of PIL precursor pol-
ymer. Blue bars correspond to a scale of 500 m. C) Linear fit: y = 4.84x+0.44 R2 = 0.999. D) ATR-IR spectra of the original depos-
ited film (black), quaternized with 1-bromobutane (red) and after anion metathesis with -NTf2 (blue), demonstrating the ability of
post-modification of inkjet 3D printed films. E) Raman spectra of the surface of the film. The band highlighted in green corre-
sponds to the νC-S in the -NTf2 employed for the raman microscopy mapping analysis. F) Confocal Raman microscopy xy-map (red
bar corresponds to 20 m) of the surface of an inkjet printed sample after both quaternization with 1-bromobutane and anion me-
tathesis with -NTf2. The green highlight represents the spatial location of the -NTf2 anion in the xy-map and was determined by
normalising the intensity of the 745 cm-1 peak (νC-S in the -NTf2 anion) normalised to the peak in the range 1570-1650 cm-1 corre-
sponding to the polymer.
The deposition of the layers could be finely controlled to ca. 5
m per layer deposited (Figure 6C). The imidazolium groups
of a film made of 3 layers (ca. 15 m thickness) was quater-
nized by treatment with 1-bromobutane. The ATR-IR spectra
shows clearly the presence of new bands at 1160 cm-1, associ-
ated to the C2 in the aromatic ring of quaternary imidazolium
species.38 Furthermore, the anion metathesis with LiNTf2 could
be clearly observed by ATR-IR (Figure 6D and S22 for com-
parison) and by Raman spectroscopy (Figure 6E).
Further evidence of homogenous functionalisation of the inkjet
printed sample was afforded by confocal Raman microscopy.
Initially a xy-map (230 m x 230 m) of the surface of an inkjet
printed sample, after both quaternization with 1-bromobutane
and anion metathesis with -NTf2, was collected and demon-
strated the homogeneous distribution of the -NTf2 anion across
the surface of the sample (Figure 6F). The green coloration in
Figure 6F represents the intensity of the peak (as area, base-
lined) in the range 710-780 cm-1 (νC-S in the -NTf2 anion) nor-
7malised to a peak in the range 1570-1650 cm-1 (νC=N in the im-
idazolium polymer) at each ~5 m x 5 m point across the sur-
face of the sample. The uniform green coloration across the
whole xy-map demonstrates uniform and homogeneous loca-
tion of the -NTf2 anion across the surface of the sample and thus
clearly demonstrates successful homogeneous functionalisation
of the PIL precursor polymer by quaternization and subsequent
anion metathesis. A Raman confocal microscopy z-axis (depth)
spectral study was also performed (Figure S34) on a 10 layer
(~50 m thick) sample, after quaternization and anion metath-
esis. The presence of peak features corresponding to the νC-S By
normalising the peak intensity of the νC-S Raman shift at differ-
ent depths to the corresponding peak intensity of the νC=N peak
intensity a linear decrease in the intensity of the νC-S Raman
shift peak with increasing depth was revealed (Figure S35).
The raman shift in the –NTf2 anion (~745 cm-1) was observed
down to 25 m, which confirms successful quaternization and
anion metathesis of the PIL precursor polymer down to a depth
that corresponds to the thickness of ca. 4-5 printed layers, even
though it is hard to determine the exact depth of penetration due
to refraction caused by the difference in refractive index be-
tween air and the polymer.
Conclusions
To sum up, we have demonstrated a novel strategy to inkjet
print a broad range of polymeric materials with finely tuned me-
chanical, thermal and superficial properties. The synthesis of a
modifiable material by post-polymerization, has made possible
to adjust the mechanical properties of the films by subsequential
solid phase reactions, namely quaternization, protonation and
anion metathesis. The mechanical properties of the films
showed a broad range of variation (Tg=114.3 C) thus indicat-
ing the success of our synthetic strategy. The fine tuning of the
formulations, allowed to inkjet print well-defined layers with a
thickness of ca. 5 m/layer. In addition, successful post-print-
ing functionalisation of the printed films (quaternization of the
polyimidiazole, followed by subsequent anion metathesis) was
demonstrated, highlighting the vast degree of exquisite control
of the properties of 3D printed poly(ionic liquid) films that this
technique makes possible. This work will pave the way for the
development of devices with multiple compositions and com-
plex printed geometries for a broad range of applications, in-
cluding energy, sensing and catalysis.
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